Objective: To investigate the relationship between baseline snoring sound energy (SSE) and disease severity, changes in SSE after adenotonsillectomy, and the predictors of surgical success in children with obstructive sleep apnoea (OSA).
| INTRODUCTION
About 3% of children are affected by obstructive sleep apnoea (OSA), and it is a common disorder encountered in paediatric otolaryngology departments. 1 Obstructive sleep apnoea can result in serious medical complications, and older children (>7 years) who have undergone adenotonsillectomy for OSA have been reported to have worse surgical outcomes. 2 Although nocturnal polysomnography is the current gold standard for the diagnosis of OSA, 3 a
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prolonged waiting period for this examination may delay timely treatment. Therefore, efficient screening tools are needed to help predict the severity of OSA in children with sleep-disordered breathing to allow for early prompt management.
Several new snoring sound analytic programs have been developed to process and analyse full-night snoring sounds. [4] [5] [6] Acoustic analysis of snoring sounds represents a non-contact, non-invasive, inexpensive technology which has been reported to be able to indirectly locate the sites and degree of upper airway obstructions during sleep. 5, 7 The presence of a higher snoring sound energy (SSE) of high frequency (851-2000 Hz) in adults with OSA has been reported to be a warning sign of severe OSA and to indicate the need for urgent OSA management. 4 However, the association between SSE and OSA is still unclear in children.
In this study, we aimed to (a) investigate the relationship between baseline SSE and severity of OSA, (b) to compare differences in SSE after adenotonsillectomy for OSA and (c) to identify predictors of surgical success in children with OSA.
| METHOD S

| Ethical considerations
This prospective cohort study was approved by the Institutional Review Board of the Chang Gung Memorial Foundation (origin number: No.101-5062A3), and written informed consents were obtained from all parents and participants ≥6 years.
| Participants
We prospectively recruited 32 consecutive children who were Each subject underwent comprehensive medical history taking and physical examinations. The quality-of-life for childhood OSA was evaluated using the OSA-18 questionnaire, which has been shown to possess satisfactory test-retest reliability and internal consistency. 10 The survey consists of 18 items which are scored on a 7-point ordinal scale (ie overall range, 18-126). We used the Chinese version of the OSA-18 as previously reported. 11 The sizes of tonsils (assessed by direct inspection) and adenoids were graded on a scale of 0-4.
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The adenoidal-nasopharyngeal ratio was assessed using a lateral radiograph of the nasopharynx based on previously described guidelines. 13 
| Polysomnography
Standard overnight polysomnography (Nicolet UltraSom System, Madison, WI, USA) with simultaneous video recording was used at baseline and 6 months after adenotonsillectomy. A family member was required to be present for all nocturnal polysomnography recordings. The apnoea-hypopnoea index was defined as the sum of all obstructive and mixed apnoeas (>90% decrease in airflow for a duration of ≥2 breaths), plus hypopnoeas associated with a 50% reduction in airflow and either >3% desaturation or electroencephalographic arousal, divided by the number of hours of total sleep time. 14 The patients were further categorised as having mild (apnoea-hypopnoea index ≥1.5 to <5.0), moderate (apnoea-hypopnoea index ≥5.0 to <15.0) or severe (apnoea-hypopnoea index ≥ 15.0) OSA. 15 We defined "surgical success" as "a postoperative 6-month apnoea-hypopnoea index <1.5 events/h" according to the previously established cut-off value of apnoea-hypopnoea index for healthy children. 
| Detection and analysis of snoring sounds
Full-night snoring sounds were recorded at baseline and 6 months after adenotonsillectomy. The snoring sounds were recorded using a portable digital sound recorder using linear pulse-code modulation (PCM-D50; Sony Electronics Inc, Tokyo, Japan) with two built-in high-performance electret condenser unidirectional dynamic microphones. Details of the set-up of these microphones and measurements have been described elsewhere. 6 The recorder was positioned 50 cm above the participant's head. Snoring sounds were recorded at a sampling rate of 44 100 Hz with a 16 bit A/D converter continuously for at least 6 hours for each participant.
The sound signals were first reviewed using a playback system to identify the first snore. We manually removed all of the higher frequency sounds (>1000 Hz) from acoustic analysis to reduce wall Snoring sound analysis may be a convenient and non-invasive tool to screen for severe obstructive sleep apnoea assess surgical outcomes and predict surgical success in children and/or ceiling reflections (ceiling effect). 16 Signals recorded 1 minute before the first snore were considered to be background noise, and the root mean square was used as a baseline. Snoring sound analysis was performed throughout each recording using a 0.25 second time window with no overlapping data. The signals of an analytic window with energy at least 6 dB stronger than background noises were considered to be snore epochs; all others were considered to be noise epochs. Consecutive snore epochs lasting 0.5-3 second were considered snores, 4 and the snore index (events/min) was calculated.
The power spectrum was acquired for each window using fast Fourier transformation (0-1012 Hz) with a frequency resolution of 4 Hz.
The energy levels of various frequency domains (in dB), called SSE, were acquired using a specially developed software program. To reduce the possibility of observer bias, snoring sound analysis was performed by a single investigator who was blinded to the clinical data.
| Adenotonsillectomy
The principal procedure of adenotonsillectomy was performed using the plasma knife technique (PEAK PlasmaBlade; Medtronic Inc, Jacksonville, FL, USA). The surgical techniques have been described elsewhere. 17 All surgeries were performed by the principal investigators 
| Statistical analysis
The D'Agostino & Pearson normality test showed that most of the variables were non-normally distributed, and the descriptive statistics of these variables were presented as median and interquartile range.
Comparisons of changes in the variables 6 months postoperatively were made using the Wilcoxon matched-pair signed rank test. Comparisons of variables between mild-to-moderate and severe OSA and surgical success and surgical non-success groups were made using the Mann-Whitney U test and Fisher exact test as appropriate. Variables with a P value < 0.20 in the Mann-Whitney U test were further dichotomised according to the optimal cut-off value using receiver operating characteristic curves. The dichotomised variables were then assessed using Spearman correlation, and only variables without significant values (P > 0.05) were included in multivariate logistic regression. All P values were two-sided, and statistical significance was accepted at P < 0.05. All statistical analyses were performed using SPSS software (version 23; International Business Machines Corp., Armonk, NY, USA) and GRAPH PAD PRISM 7.00 for Windows (Graph Pad Software Inc, San Diego, CA, USA).
| RESULTS
| Study population
Of the 32 eligible children (eight girls and 24 boys), 28 completed follow-up snoring sound analysis and 22 completed follow-up polysomnography after at least 6 months. The median age of the 32 children was 9 years (interquartile range: 6-10), with a median BMI 
| Predictors of severe childhood OSA
Of the 32 children, 13 (41%) had severe OSA. | 49 snoring sound model, at least one risk factor predicted severe OSA with a sensitivity of 92% and specificity of 68%. Thus, the snoring sound model seemed to be more specific than the anatomical staging model for screening severe OSA. 
| Changes in SSE after adenotonsillectomy
| Predictors of surgical response
Six months after adenotonsillectomy, 10 (31%) participants refused to undergo polysomnography due to complete resolution of OSA symptoms (n = 8 [25%]) and personal reasons (n = 2 [6%]). Therefore, 22 (69%) children underwent follow-up polysomnography. Of the 22 children, eight (36%) reached the criteria for surgical success. Univariate logistic regression analysis revealed that OSA-18 < 77.5, apnoea-hypopnoea index < 15.5 and SSE of 801-1000 Hz < 8.5 dB were significant predictors of surgical success ( 
| Comparisons with other studies
We previously reported that the presence of a higher SSE of high-frequency in adulthood OSA is a warning sign of severe OSA that indicates the need for urgent OSA management. 4 Brietzke and Pusz 5 reported that paediatric snoring has different acoustical characteristics than adult snoring. In the present study, the snoring sound model (high SSE 801-1000 Hz and/or tonsil grade IV) detected severe OSA in the children with a sensitivity around 90% and specificity around 70%. Compared to the anatomical staging model, the snoring sound model, which included SSE analysis, increased the specificity for screening severe OSA patients.
Accordingly, the snoring sound model may help to more optimally allocate children with sleep-disordered breathing to undergo polysomnography. This may then reduce polysomnography workload and allow for timely treatment, thereby decreasing health and financial costs related to OSA.
In our previous study on adulthood OSA, 18 reductions in snoring sound intensity and snoring frequency were directly proportional to improvements in apnoea-hypopnoea index after relocation pharyngoplasty. In the current study, high SSE 801-1000 Hz (>21.9 dB) was related to severe OSA, and low SSE 801-1000 Hz (<8.5 dB) was related to surgical success in childhood OSA. However, Spearman correlation analysis of percentage changes in SSE of 801-1000 Hz and percentage changes in apnoea-hypopnoea index revealed no significant differences. This may be due to the shift from apnoea episodes to hypopnoea episodes after adenotonsillectomy, or confounding due to nasal allergies and body weight. Further studies are warranted to elucidate this issue.
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Although adenotonsillectomy is the first-line treatment for childhood OSA, the complete resolution rate after surgery is only around 27%. 2 Persistent OSA in children after adenotonsillectomy may be related to obstructions at multiple sites of the upper airway. 19 Obstructions other than surgical sites (adenoid and palatine tonsils), such as tongue base, lingual tonsil and supraglottic obstruction, may cause surgical non-success. 19, 20 In our previous study, 7 a snoring sound of 850-2000 Hz was related to tongue base obstruction in adulthood OSA, and Xu 21 reported that a snoring sound >800 Hz was related to lower level obstruction in adulthood OSA. Accordingly, there may be a link between high-frequency snoring sounds and lower level obstructions. In our results, the children with higher SSE of 801-1000 Hz had a higher chance of surgical non-success.
Although children are not equal to adults, 22, 23 we hypothesise that SSE of 801-1000 Hz may be a surrogate for lower level obstructions in children with OSA, and that lower level obstructions may be the reason for surgical non-success.
| Clinical applicability of the study
This pilot study suggests the potential clinical applicability of SSE of 801-1000 Hz for childhood OSA. However, this study needs external validation due to the small sample size. Although adenotonsillar hypertrophy is one of the most common causes of OSA in children aged 6-12 years, our outcome may not generalise to children who are at the other end of the age spectrum (neither younger nor older children). Moreover, drug-induced examinations to precisely locate obstruction sites such as drug-induced sleep endoscopy were lacking.
Therefore, further studies with a larger sample size with the extended age spectrum and drug-induced examinations are warranted to confirm our results and inferences. | 51
